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Abstract 
Ce-based materials, that have been extensively investigated for catalytic applications, such as in automotive emission control and 
more specifically in the oxidation of diesel soot particles, were evaluated with respect to their performance on CO2 splitting. DFT 
calculations assisted towards the synthesis of two Zr-doped Ce-oxide formulations (Zr content: 20% and 40% respectively) via 
the LPSHS method. The materials were evaluated with respect to their CO2 splitting activity and compared with other Ce-Zr-
based reference oxides. The most active materials were further evaluated under different CO2 splitting temperatures in the range 
of 800-1480oC in the course of successive redox cycles. The effect of thermal reduction temperature (T: 1480oC and 1600oC) on 
the most active material was also assessed. The Ce-based oxide formulation with the best performance (Ce0.8Zr0.2O2) was further 
investigated with respect to its activity towards H2O splitting. In addition, a porous flow-through structure consisting entirely of 
Ce0.8Zr0.2O2 was manufactured and the resulted body was also evaluated and compared to the respective powder in terms of its 
CO2 and H2O splitting ability. 
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1. Introduction 
CeO2 based materials find wide application in areas such as catalysis, chemical and metallurgical industry, glass 
and ceramics [1]. In the last thirty years or more there was a growing interest in the redox properties of CeO2 in 
automotive emission control, such as Ce-based catalysts for the oxidation of soot particles in Diesel Particulate 
Filters [2]. In the early ‘90s extensive research was conducted especially in the area of automotive catalysis with 
respect to the increase of the oxygen storage capacity and the redox activity of CeO2 by introducing dopants in its 
lattice [1]. It is known that doping of CeO2 with aliovalent (i.e., divalent or trivalent) cations increases its oxygen 
exchange ability through the introduction of atomic disorder and distortions in the fluorite lattice and subsequent 
enhancement of the migration of oxygen vacancies [3]. This redox potential of CeO2 and its compounds triggered 
the interest of researchers for its exploitation in processes that demand materials with ability to exchange oxygen, as 
is the case of thermochemical redox cycles for the splitting of water and carbon dioxide with the aid of solar 
radiation.  The last decade there has been a significant research effort towards the identification of suitable materials 
for the solar thermochemical splitting of H2O (WS) with redox cycles, while fairly recently the same reaction 
schemes are also employed for the production of CO via CO2 splitting (CDS) (where MO: Metal Oxide): 
22 HMOOHMO xx GGG o  or   COMOCOMO xx 22 2
GG
G o    (1)         22
OMOMO xx
G
G o      (2) 
The thermal reduction (TR) step (reaction scheme 2) is common for both WS and CDS, and a particular redox 
material can be used for both thermochemical splitting reactions. Many studies on solar H2 and CO production via 
thermochemical reactions involved materials such as Zn/ZnO, FeO/Fe3O4, perovskites and ferrites. Several research 
groups [4]-[5], as well as the present authors [6], [7], have identified ferrite and perovskite based material groups as 
promising candidates for H2 production via cyclic WS-TR and the two reaction steps have been extensively studied 
and modeled.  
However, the last years CeO2 based materials also started to be investigated from researchers for solar 
thermochemical applications. Abanades et al in 2006 [8] presented H2 generation from H2O-splitting with CeO2. 
Since then there has been a renewed interest in the potential of CeO2 as redox material for solar thermochemical 
cycles with works dealing with the thermodynamics of the oxidation and reduction of CeO2, structural investigations 
and density functional theory (DFT) calculations of metal-ion substituted ceria such as [9]. More recently, there has 
been a significant number of studies that were concentrated in a review article by Scheffe et al [10] around the effect 
of the doping of CeO2 mostly on the splitting of water and the H2 production. Some examples of such works are 
those of [11]-[16].     
In the current work an investigation path is presented towards the development of Zr doped Ce-oxides for redox 
thermochemical cycles and more specifically for CO2 splitting. The formulation that had the best performance 
during CDS cycles was further assessed with respect to its H2O splitting activity. Furthermore, the aforementioned 
formulation was shaped into a porous structure with the same procedure described in a previous publication [17], 
and was evaluated with respect to its CO2 and H2O splitting activity. 
2. Experimental 
Two Zr-doped CeO2 formulations were selected with the aid of DFT calculations (described in the results 
section) for the identification of the most promising CeZr composition in terms of reducibility, to be further 
synthesized via the Liquid Phase Self-propagating High temperature Synthesis (LPSHS). LPSHS involves self-
sustained spontaneous combustion reactions in partially dried precursor solutions of metal nitrates (“oxidizers”) and 
soluble organic compounds (“fuels”) [18]. The respective metal nitrates (i.e. Ce(NO3)3 and ZrO(NO3)2) were 
employed as precursor oxidizer materials, citric acid was selected as fuel and ammonia was added to adjust the pH 
of the solution to 7.0. After solvent evaporation, the solution turned gradually into a gel that ignited causing the 
metal ions to react with O2 and form the respective oxides. As reference, Zr-doped CeO2 materials developed for 
automotive catalysis were also used (Ce0.6Zr0.4O2 and Ce0.4Zr0.6O2).  
All redox materials were calcined under air at 1400oC for 1h, to saturate the oxides with O2 and to ‘stabilize’ 
them with respect to their structural properties for minimization of undesired factors that could induce fluctuations 
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or potential change of properties under the reaction conditions. After calcination the redox materials were evaluated 
with respect to their CDS activity, in a fixed bed alumina tube reactor (28mm) described in [17]. The experimental 
protocol initiates with the thermal activation (ACT) step that is conducted at the same temperature as that of the TR 
step. The redox materials are heated under N2 flow from 25 to 1480oC and remain at this temperature for 60 min. 
For the initial evaluation of the materials they were subjected to a temperature ramp (250-1480oC) with a rate of 
15oC/min and with a CO2 concentration in the feed gas of 4%. The CeZr-oxides that had an improved performance 
were further evaluated with respect to their splitting activity under isothermal conditions for 30 min from 800 to 
1300oC. Then a 30-min TR step follows at 1480oC. Constant recording of the effluents was performed with a 
Pfeiffer, Omnistar Quadruple Mass Spectrometer and SIGNAL Instruments 7000FM GFC CO2 and CO Analyzers.  
The material with an improved CO yield was further used for the investigation of the effect of the TR 
temperature on CDS (i.e. Treduction >1480oC), as well as for its evaluation towards H2 production from WS. For the 
latter, the TR temperature was maintained at 1480oC and the WS temperature at 1100oC, while the steam 
concentration was 8%, which corresponds to the same oxygen content in the reactants as in the case of the CO2 
concentration in the CDS experiments. 
Structural characterization of the powders was performed by X-Ray Diffraction analysis (XRD, Siemens D-500 
Kristalloflex X-ray powder). The specific surface area of the samples (BET method) was measured with the aid of a 
N2 adsorption porosimeter (Micromeritics ASAP 2000, at 77 K, after degassing the samples at 250oC). The 
morphology of the synthesized materials after the calcination step was observed with the aid of a Scanning Electron 
Microscope (SEM, JEOL-6400, 20 kV). 
Raman spectra were recorded in the 100-1600 cm-1 region using a micro-Raman (Renishaw inVia Reflex) 
Spectrometer, while a heating cell described in detail in [2] was employed for the accumulation of Raman spectra 
during temperature increase in the presence of CO2. 
3. Results and Discussion 
DFT calculations were used to identify the effect of Zr-doping on CeO2 with regard to the reducibility (į) of the 
material. The reducibility (į) of the materials is dependent on the oxygen vacancy formation energy and is the 
energy needed to induce an O-vacancy in the crystal lattice of the ZrxCe1-xO2 material which was considered in all 
cases to have a cubic structure: 
                                                                                                                                                                                            (3) 
This energy is an index for the reducibility of the material. The lower it is, the more reducible the material. 
Energy[ZrxCe1-xO2-į] is the total electronic energy of the O-deficient (reduced) CeZr-formulation, Energy[O2] is the 
total energy of an O2 molecule and Energy[ZrxCe1-xO2] is the total energy of the bulk CeZr-formulation. į is the 
number of O-ions removed from the lattice. All calculations were performed with the VASP 4.6 code [19], [20]. A 
cell of 8 formula units is used with a total of 24 ions. The reduction step has a fixed į value of 0.125 (one O-site 
vacant in total of 16 in the lattice). This reduction factor (į = 0.125) is considered low enough and not capable of 
inducing a phase change. A 3x3x2 k-mesh is used for the structural relaxation calculations with forces relaxing 
under 0.02eV/Å and a 400eV energy cut-off is used for all calculations. For all materials spin polarized calculations 
were used. The DFT GGA+U method [21], [22] is used to describe the d-electrons of the metals, with the 
simplification of a rotationally invariant single parameter Ueff. Values used for Ueff are 5eV for Ce and 2eV for the 
Zr dopant metals [23]. These values allow us to obtain fully relaxed geometries, total energies and magnetic 
properties. The compositions investigated were ZrxCe1-xO2 (x value ranging from 0 to 1). The O2 molecule is 
calculated in a 1 nm cell with spin polarized corrections and is found to have a total electronic energy of -9.846eV. 
This uncorrected molecular O2 DFT total energy is used as is, since this same O2 energy is subtracted from all 
oxides. The oxygen vacancy formation energy for each formulation with varying x in ZrxCe1-xO2, calculated as 
described above, is shown in Fig. 1. These results are in agreement with the literature [24] and indicate that for Zr 
content in the region 20%-50% the doped CeO2 can more easily release oxygen. However, the behavior of the 
oxides depends also on the variability of their fine structural details [1], which may affect their performance, 
although the pre-treatment of the materials is the same. Based on the above, the two formulations that were 
synthesized were Ce0.8Zr0.2O2 and Ce0.6Zr0.4O2. They were crystallized in the cubic-fluorite structure with the main 
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phase in the (111) orientation (Fig. 2). As it can be observed in the inset within the graph in Fig. 2, the increase in 
the concentration of Zr in the CeO2 lattice caused a shift of the cerianite peak to higher diffraction angles compared 
to the main peak in CeO2. 
  
Fig. 1 Oxygen vacancy formation energy for varying Zr content in 
CeO2. 
Fig. 2 Phase composition of the LPSHS synthesized Zr-doped CeO2. A 
magnification around the (111) main cerium oxide peak is presented in 
the inset within the graph. 
Both materials maintained their structure with an increase of their degree of crystallization (not shown here for 
brevity). However, in the case of the material with the higher amount of Zr a small peak appears after the calcination 
of the material which is attributed to ZrO2 indicating the beginning of a phase separation. On the other hand the 
oxide with the lower amount of Zr seems to retain its stability.  
The morphology of the redox materials was observed with Scanning Electron Microscopy (SEM) on samples 
after the calcination step (Fig. 3). All samples have suffered sintering, nevertheless, the LPSHS materials retain 
some micro-porosity, while the reference material appears to have been sintered more extensively. This is in 
agreement with the measurement of the specific surface area of the materials. LPSHS materials had a specific 
surface area of around 20 m2/g before firing and 1 m2/g after calcination at 1400oC, while the reference material 
resulted with a value of around 0.4 m2/g, although it initially had the highest surface area (~80m2/g). 
a) 
  
 
 
 
 
 
 
 
 
b) c) 
Fig. 3 SEM images of LPSHS a) -Ce0.8Zr0.2O2 and b) -Ce0.6Zr0.4O2, c) reference-Ce0.4Zr0.6O2 after calcination at 1400oC (scale bar: 5 ȝm, x10000 
magnification) 
3.1.  Thermal activation step 
The first step in the evaluation of the redox materials is the thermal ACT step as described in the experimental 
section. In this step the materials release all the O2 that can be thermally desorbed at the specific temperature 
window. Fig. 4 shows the O2 evolution curves during the ACT step. As expected the O2 concentration increased 
with the increase of temperature up to 1480oC for all samples. At the isothermal step the rate of O2 production 
decreases and this is depicted as a drop in the concentration of O2. However, the O2 concentration does not reach 
zero during the 60min dwell time at 1480oC. It is obvious that in the case of the reference redox materials, plain 
cerium oxide starts to release oxygen at higher temperatures and the total amount that is liberated is lower than the 
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Zr-doped oxides. Since Zr has a smaller ionic radius compared to Ce, as it substitutes the Ce site it creates a 
distortion in the lattice of CeO2, affecting the length of metal-O bonds and increasing the channel diameter for 
oxygen migration [9], [24]. These effects have as a result an enhancement of the reducibility of CeO2 by reducing 
the reduction temperature and increasing the O2 mobility in the CeO2 lattice. However, ZrO2 is not a reducible oxide 
and therefore above a certain Zr concentration (t50%) in CeO2 the effect may be adverse [24], as it was also 
calculated via DFT. This could explain the lower O2 evolution of the oxide with the higher Zr content (Ce0.4Zr0.6O2) 
compared to that of the oxide with a higher Ce content (Ce0.6Zr0.4O2) in the reference samples. Nevertheless, the 
origin of the materials also plays a role in their performance. The LPSHS materials perform similarly to the 
reference samples but with a higher amount of oxygen released during the ACT step probably due to the greater 
sintering that the reference materials suffer. In addition, the trend of the increase of O2 evolution with the increase of 
the Ce content in the oxide seems to be inverted in the case of the LPSHS materials compared to the behavior of the 
reference materials. However, the increased release of oxygen in the case of the Ce0.6Zr0.4O2-LPSHS could be 
attributed to a small phase separation that was observed via XRD analysis after the calcination process under air as 
mentioned earlier. The extent of thermal reduction that the different Zr-doped cerium oxides have reached leads to 
non-stoichiometric compositions of the cerium oxide (CexZr1-xO2-į) which was also corroborated optically by the 
bluish color of the powders. 
3.2. CO2 splitting (CDS) – temperature ramp 
After the thermal ACT step the CDS activity of the redox materials was assessed. Initially a temperature ramp 
was implemented from 250 up to 1480oC under a 4% CO2 vol content in the feed gas. Fig. 5 depicts the CO 
evolution curves in (mmoles/gredox/min) as a function of temperature for the different reference and LPSHS 
synthesized Zr-doped cerium oxides. Both reference plain and Zr-doped cerium oxides exhibited a similar CO 
evolution profile with low yield at low temperatures and steep increase above certain (high) temperature values. 
Reference CeO2 and Ce0.6Zr0.4O2 begins to produce CO for the specific CO2 concentration at temperatures in excess 
of 1100oC. The reference Ce0.4Zr0.6O2 appeared to be active at substantially lower temperatures while its overall CO 
production yield was also higher. This is in contrast to the oxygen that was released during the ACT step for the two 
Zr-doped reference samples. Although the Ce0.6Zr0.4O2 was more reducible in terms of amount of oxygen released 
during the ACT step, it is the sample with the higher Zr-content that was more prone to oxidation from CO2. Since 
the reference Ce0.4Zr0.6-oxide was the one that had a more improved performance compared to the other reference 
oxides with respect to CDS, it was further used for its evaluation under CDS cycles. 
 
0
0.005
0.01
0.015
0.02
0.025
0.03
50 75 100 125 150
Time(min)
O
2(
m
m
ol
es
/g
re
do
x/
m
in
)
0
200
400
600
800
1000
1200
1400
1600
Tem
perature(C)
CeO2Ͳreference
Ce0.4Zr0.6Ͳreference
Ce0.6Zr0.4Ͳreference
Ce0.60Zr0.40O2ͲLPSHS
Ce0.80Zr0.20O2ͲLPSHS
T(C)
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
250 650 1050 1450
Temperature(C)
CO
(m
m
ol
es
/g
re
do
x/
m
in
) CeO2ͲreferenceCe0.4Zr0.6O2reference
Ce0.6Zr0.4Ͳreference
Ce0.6Zr0.4O2LPSHS
Ce0.8Zr0.2O2LPSHS
 
 
Fig. 4 Release of oxygen during the ACT step for the case of the 
different cerium oxide based materials. 
Fig. 5 CO evolution curves for the case of LPSHS and reference 
Zr-doped CeO2 (at 4%CO2 and temperature ramp 250-1480oC). 
 
On the other hand, the LPSHS synthesized Zr-doped cerium oxides exhibited higher activity than the reference 
materials studied. The characteristic behavior of the in-house prepared materials is that they are active at low 
temperatures, with the Ce0.8Zr0.2O2 producing 6-times higher amount of CO at approximately 800oC compared to 
Ce0.6Zr0.4O2. The higher activity of LPSHS- Ce0.8Zr0.2O2 is maintained up to 1000oC. Then, the LPSHS- Ce0.6Zr0.4O2 
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takes over at higher temperatures. It can be also observed that in the case of the LPSHS- Ce0.6Zr0.4O2, the CO yield 
is higher from the respective reference oxide and it eventually converges with the curve of the Ce0.4Zr0.6O2 reference 
material at temperatures exceeding 1350oC. 
3.3. Oxygen storage capacity (OSC) of the materials 
LPSHS synthesized powders showed increased activity at lower temperatures compared to the reference 
materials, especially in the case of the LPSHS Ce0.8Zr0.2O2 that is highly active at temperatures where the other 
materials have not started to be oxidized from CO2. To investigate further this performance the materials were 
evaluated with respect to their OSC at low temperatures (up to 750oC) in a dedicated test-rig. The protocol for the 
OSC evaluation involved successive O2 and CO pulses through the samples and measurement of the O2 release and 
consumption. In general, the LPSHS synthesized materials have higher O2 exchange ability compared to the 
reference material with LPSHS-Ce0.8Zr0.2O2 presenting the highest OSC at low temperatures, which could explain 
the increased performance of the material at this temperature window (Fig. 6).  
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Fig. 6 OSC measurement for the LPSHS and reference Zr-doped 
CeO2. 
Fig. 7 Raman spectra acquired at 25oC on samples after calcination under 
air at 1400oC (oxidized) and their shift after ACT step (reduced), CDS up 
to 300oC and CDS up to 750oC (partially oxidized). 
 
Since Ce0.8Zr0.2O2 had a different behavior compared to the other oxides it was further investigated with respect 
to its fine structural details via Raman microspectroscopy. The main peak in the Raman spectrum of the calcined 
Ce0.8Zr0.2O2 is at ~471cm-1 (Fig. 7, the curve that corresponds to the oxidized sample) attributed to the (F2g) Raman 
mode of the fluorite-type structure, that corresponds to the symmetric breathing mode of O-atoms  around Ce4+ 
cations. The width and position of this band is very sensitive to any structural disorder of the O-sublattice, since this 
vibration depends only on the O movement [25]. In the current formulation the aforementioned F2g peak is slightly 
shifted to higher wavenumbers compared to that of CeO2 (464cm-1) caused by the lighter atoms of Zr in the ceria 
lattice that result in the contraction of the ceria unit cell [26]. A weak band in 590–600 cmí1 region is attributed to 
the existence of intrinsic O-vacancies in the structure due to the non stoichiometric composition [25], [27]. The 
evolution of the F2g peak of the Ce0.8Zr0.2O2 sample under CO2 flow was recorded between 250-750oC (not shown 
here for space economy) and it was observed that the F2g peak shifted to lower wavenumbers (from 471 to 457cm-1) 
while its intensity decreased with the increase of temperature. These changes, however, are not entirely caused by 
the oxidation of the material from CO2 but there is also the effect of temperature which induces the expansion of the 
lattice [28]. Nevertheless, as depicted in Fig. 7, the shift of the main peak position is not reversible once the 
temperature is cooled back to ambient (comparison of the oxidized sample with the sample after activation and the 
sample after CO2 exposure at 300 and 750oC), suggesting that there are some chemical-structural changes taking 
place within the material (e.g. increase/reduction of O-vacancies) along with the changes originating from the 
thermal expansion of the fluorite lattice at elevated temperatures [29].    
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3.4. CO2 splitting (CDS)-cycles  
Based on the above, the reference Ce0.4Zr0.6O2 and the LPSHS synthesized materials were further evaluated with 
respect to their CDS and TR activity under cyclic operation at different splitting temperatures, in the range of 800-
1300oC, for the case of the LPSHS synthesized materials. TR was performed at 1480oC. The reference sample 
(Ce0.4Zr0.6O2) was evaluated at 1200, 1300 and 1480oC (isothermal CDS-TR), in line with the temperature window 
where the material exhibited its highest CDS activity during the temperature ramp experiments. Fig. 8 shows the CO 
and O2 evolution curves during temperature step increase for the case of the reference and of the LPSHS synthesized 
oxides. As expected, the observed trends are similar to those of the CDS during the temperature ramp increase. The 
material with the highest CO yield was the LPSHS Ce0.8Zr0.2O2 and its improved CDS activity was retained up to 
1300oC. This can be also corroborated from Fig. 8d which depicts the total CO mmoles/gredox for the three CeZr-
oxide compositions. At temperatures higher than 1300oC, the reference Ce0.4Zr0.6O2 exhibited higher activity 
compared to the LPSHS materials.  However, in absolute numbers, its CO yield is similar to that of LPSHS 
Ce0.8Zr0.2O2 at 900oC. 
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Fig. 8 (a) reference Ce0.4Zr0.6-oxide, (b) LPSHS Ce0.6Zr0.4-oxide, (c) LPSHS Ce0.8Zr0.2-oxide and d) total mmoles CO/gredox produced at different 
CDS temperatures for the case of the two LPSHS synthesized and the reference Zr-doped cerium oxides. 
3.5. Effect of regeneration temperature 
The LPSHS Ce0.8Zr0.2O2 was chosen to further investigate the effect of TR temperature on the CO yield. 
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Similarly to the protocol employed in the aforementioned series of experiments, the CDS activity of the material 
was studied via temperature step increase from 800 to 1300oC, while TR was set to 1600oC (Fig. 9a). Fig. 9b depicts 
the total CO and O2 mmoles/g redox as a function of temperature for the case of TR at 1600oC. It can be seen that 
the material retains its CDS activity even after TR at a temperature as high as 1600oC, while there appears to be no 
particular trend in the production of CO (small deviation in the total CO yield from ~6-15% in the temperature 
window 800-1300oC). Increase of the TR temperature from 1480C to 1600oC resulted to an increase in the CO yield 
(comparison of Fig. 8d and Fig. 9b) which was more profound upon employing higher splitting temperatures and 
more specifically varied from ~15% at 800oC to approximately 40% at the splitting temperature of 1300oC. 
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Fig. 9 (a) CO and O2 evolution curves at different CDS temperatures and (b) total mmoles of CO at each CDS temperature and total mmoles of 
O2 produced at 1600oC TR 
3.6. H2O and CO2 splitting (WS and CDS)- cycles and porous structure 
With respect to its WS ability, LPSHS Ce0.8Zr0.2O2 was evaluated according to the protocol that was described in 
the experimental section. The WS temperature was 1100oC, since the material had a more or less stable performance 
in the temperature range 800-1100oC.  The material was an active H2O splitter that led to a H2 production of 178 
mmoles H2/gredox, higher than the CO produced (~130 mmoles CO/gredox) during the corresponding CDS cycle, at the 
same splitting and TR temperature (Fig. 10). This is in agreement with the behavior that was observed in [17] for the 
case of the evaluation of NiFe2O4 redox material and could be attributed to the fact that the oxidation atmosphere 
plays a role in the “occupation” of the oxygen vacancies in the material [26], indicating that the redox material is 
more easily oxidized from H2O than from CO2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b) 
Fig. 10 a) CO and b) H2 evolution curves during cyclic CDS, WS at 1100oC and TR at 1480oC on the LPSHS-Ce0.8Zr0.2O2 material. 
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In the next step the LPSHS Ce0.8Zr0.2O2 redox material was further shaped in the form of a monolithic porous 
structure and was evaluated with respect to its WS and CDS activity, as described in the experimental section. 
Apparently the porous structure performs more poorly compared to the powder. This was expected due to the 
limited active surface area exposed to the reactants’ flow that enhances diffusion limitations. However, it is 
observed that as in the case of the powder the porous structure has a higher H2 production compared to the CO (Fig. 
11). 
4. Conclusions 
Cerium oxide materials doped with Zr at two different dopant concentrations were synthesized via an alternative 
combustion route (LPSHS). DFT calculations were implemented as a tool that provided a first guideline towards the 
most appropriate cerium oxide candidates for redox applications and thus assisted the synthesis of the materials. The 
DFT analysis was in agreement with the experimental findings, however, structural details that are deriving from 
different material origin may affect the performance of the oxides. Both LPSHS materials were superior to the 
reference powders and the LPSHS Ce0.8Zr0.2O2 presented the highest activity towards CDS, especially at 
temperatures below 1300oC. Increase of the TR temperature resulted to an increase in the CO yield. OSC 
measurements at low temperatures (up to 750oC) showed that LPSHS Ce0.8Zr0.2O2 exhibited enhanced oxygen 
exchange ability compared to the other materials and its structural details were further investigated via Raman 
microspectroscopy. LPSHS Ce0.8Zr0.2O2 was an active CO2 and H2O splitting material at the same temperature 
window for the two reactions, whereas the redox activity of the LPSHS Ce0.8Zr0.2O2 porous structure was lower 
compared to that of the respective powder, due to inferior gas-solid contact area. 
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